Bacterial pseudaminic acids (Pse) are present on the surface of many pathogenic bacteria. Herein, we report a robust methodology for the stereocontrolled chemical glycosylation of pseudaminic acid to afford both α-(axial) and β-(equatorial) glycosides reliably with complete stereoselectivity, using a common 
Pse is structurally related to its well-known congener, sialic acid. Anomerically, Pse exists with both α [3] [4] [5] [6] [7] and β [8] [9] [10] [11] [12] [13] configuration in native glycoconjugates with variable substitution patterns at N5 and N7. As illustrated in Fig. 1 , Pse forms axial (α) and equatorial (β) glycosidic linkages to different pyranoses/furanoses (e.g., Glc, Gal, Xyl, Galf) at the primary or secondary hydroxyl groups. Pse has also been identified in bacterial glycoproteins with a linkage to the hydroxyl side chain of Ser/Thr residues. [14] Such structural diversity makes the structure-function relationship of Pse-containing glycans both intriguing but also challenging. In a recent report, Pse was found to be critical in the phage-assisted preparation of a glycoconjugate vaccine derived from the EPS of Acinetobacter baumannii, which showcased the potential therapeutic application of Pse. [15] However, progress in this space is currently hampered by a lack of synthetic access to structurally-defined pseudaminylated glycoconjuates. The biological and evolutional significances of bacterial pseudaminic acid and its glycoconjugates remain largely unexplored. Up until now, five synthetic routes toward Pse have been reported, and challenges in the preparation of Pse itself have been resolved to a great extent. [16] [17] [18] [19] [20] [21] However, the synthesis of Pse-containing oligosaccharides is still a field that requires exploration. Recently we reported the de novo synthesis of a Pse thioglycoside donor that was subsequently employed in the total synthesis of Pseudomonas aeruginosa 1244 pilin trisaccharide (α-5NβOHC47NFmPse-(2→4)-β-Xyl-(1→3)-FucNAc), in which high α-selective (axial) glycosylation was obtained. [20] In order to expand the application of the Pse donor to the synthesis of other oligosaccharides, it is necessary to investigate the generality of the stereoselectivity initially observed through the glycosylation of diverse acceptors. More importantly, a robust method to access both α-selective and β-selectivity should also be investigated through either modification of the structure of the Pse donor or through variation of the glycosylation conditions such that both native anomeric configurations can be accessed. More recently during our studies, Crich et al. reported the β-selective glycosylation of 5N/7N-bisazido Pse thioglycoside donor with very limited acceptors tested. Their Pse donor was synthesized from thiosialoside in 20 steps. [21] Herein, we report the development of a robust methodology for completely stereocontrolled (both α-and β-selective) Pse glycosylation chemistry with a bimodal glycosyl donor to generate a range of pseudaminylated constructs, which covers almost all the reported pseudaminylated glycosidic linkages identified in bacteria so far. In addition, our Pse donor, readily prepared in gram scale from de novo synthesis, carries orthogonal protecting group at 5N and 7N positions, making it ready to introduce different acyl groups, respectively.
Results and discussion
In 2017, our group found that the 5N-Troc/7N-Cbz Pse thioglycoside donor 1 glycosylated the 4-hydroxyl of xylosides in a highly α-selective manner. [20] However, during our studies, we noted β anomers as minor products when the solvent was varied from DCM to a MeCN/DCM mixture. More surprisingly, when this donor was reacted with benzyl alcohol, a primary alcohol with higher reactivity than the xyloside acceptors, only the corresponding β-glycoside was obtained. Based on these observations, as well as the widely accepted mechanism of chemical sialylation, [22] the following mechanistic paradigm of the Pse glycosylation was proposed.
As shown in Fig. 2 directly attack intermediates C-E in an SN2 or SN2-like manner (path B) and afford the β anomer. [23] Whilst the real system can be significantly more complicated since the above mentioned intermediates B-E contribute simultaneously to the overall selectivity of the glycosylation, this simplified paradigm is still able to aid in understanding our observations to some extent. The priority of path A in the glycosylation of xyloside acceptors is determined by the relatively low reactivity of the secondary hydroxyl nucleophile and effect of 5N-Troc protection (which might block the β-face of the oxocarbenium cation plane via both steric repulsion and the dipole perpendicular to the plane); whereas the dominance of path B in the reaction of benzyl alcohol is determined by its high reactivity. However, this acceptor-dependent selectivity is far from ideal and seriously limits the application of the Pse donor under the current reaction manifold.
Fig. 2
Proposed glycosylation mechanism of the pseudaminic acid thioglycoside donor.
To pursue both α-and β-selective glycosylation of the 5NTroc/7NCbz Pse donor with a broader range of acceptors, we started by modifying the thiol aglycone as the most accessible position for tuning.
The SR group could alter the selectivity of glycosylation by modifying the activation temperature, the rate of the activation step, and therefore the nucleophilic attack pathway as a result of changing in absolute/relative concentration of reactive intermediates. [24] To test this hypothesis, two new 5N-Troc donors 2 (SAd) and 3 (SEt) were synthesized following the same procedure as STol donor 1 using 1-adamantanethiol and ethanethiol in place of p-toluenethiol. [20] The three donors were submitted to the model glycosylation with acetonide protected galactoside acceptor 4, and the results are summarized in Table 1 . In the case of donor 1, when the glycosylation was conducted in DCM at -40 o C using NIS/TfOH as activator, both the α and β anomers 5a/b were obtained in a 1. To evaluate the generality of the observed reactivity and selectivity, donor 2 and 3 were further tested in the glycosylation of acceptors 6-11 (Fig. 3) . Acceptors 6-10, with varied reactivities, were selected based on the reported structures of Pse containing oligosaccharides and glycopeptides, while acceptor 11 was chosen for its potential in glycoconjugate preparation. As summarized in Table 2 , good yields were obtained in most glycosylations. In general, SEt donor 3 gave moderate to good α-selectivity, while SAd donor 2 favored the formation of β-anomers. In the case of acceptor 9, the disaccharides 15a/b were obtained in a 1: 1 ratio when donor 2 was used. To our surprise, both donors 2 and 3 favored formation of the α-anomer in the glycosylation of serine derived acceptor 10. These results clearly show the difference in the anomeric preference of donors 2 and 3, but with selectivity still strongly dependent on the nature of the acceptors. To further improve the stereocontrolled glycosylation of the Pse donor, we shifted our attention to the modification of the 5N substituents. We hypothesized that our failure to achieve high β-selectivity using 5N-Troc donor 2 could be attributed to the intramolecular remote participation of the carbamate group from the β-face of the oxocarbenium cation to induce the α-glycosylation. 18 In addition, we noted that Crich and co-workers reported the stereoselective glycosylation of 5-amino-non2-ulosonic acid species, in which the 5N-azido group contributed to the high equatorial selectivity. [21,25-27,] Thus, we modified the 5N-Troc substituent of our donor 2 into the non-participating azide group (Fig. 4) . Specifically, the N-formyl group of linear intermediate 18 was removed via transacylation under acidic conditions, and the azido group was installed by a diazo transfer reaction of the resulting amine. Due to the undesired intramolecular 1,3-dipolar cycloaddition between the azide and alkene, [29] [30] [31] The results from the glycosylation of donor 22 with various acceptors are summarized in Table 3 . To our delight, high β-selectivity was achieved in most cases regardless of the reactivity of the acceptor. The β-selective Pse glycosylation was finally realized through combination of three important factors: the highly reactive SAd leaving group, 5N-azido modification, and MeCN solvent participation. Encouraged by the successful development of a β-selective glycosylation of Pse, we decided to revisit the problem of α-selectivity. While fast activation of reactive donor 2 showed a stronger preference for α-glycosylation, the acceptor-dependent nature of the stereoselectivity was still a significant problem. In an effort to enhance α-selectivity, we investigated the effect of additives [32] in the glycosylation of Pse.
Towards the aim of developing 'perfect' stereocontrolled glycosylation in which either anomers can be obtained from the same donor with high selectivity through minor tuning of the reaction parameters, the most β-selective 5N-azido donor 22 was chosen for examination of the additive-modulated glycosylation approach. To our delight, in the presence of 5.0 equiv. of DMF, donor 22 gave complete α-selectivity in the glycosylation of acceptor 4. The use of DMF additive was first introduced by Mong et al. in 2011 as a strongly axial-selective glycosylation additive [33] [34] [35] [36] [37] and recently applied by Codée et al. in the synthesis of a complex α-glucan [38] . To the best of our knowledge, this is the first example of the 'DMF effect' in the glycosylation of a ulosonic acid donor. As summarized in Table 4 , glycosylation of 24 with acceptors 6-11
gave high α-selectivity, which demonstrates the robustness of the reaction. For comparison, the SAd donor [e] The α-selective glycosylation at the 4-OH of the acceptor was isolated as the side product in 12% yield.
To understand the origin of the α-selectivity, donor 2 was activated by NIS/TfOH in CD2Cl2 in the presence of 5 equiv. DMF, and the mixture was characterized by NMR at -40 o C. After 20 min, a new set of peaks from the DMF-oxocarbenium adduct was observed, indicating the formation of the glycosyl imidate intermediate (Fig. 5) . Referring to Mong's original mechanism, [21a] we propose that the relatively stable α-imidate functions as a pool of the more reactive β-imidate, and the latter species is then attacked by acceptors in an SN2-like fashion to afford the α-anomers with the exquisite selectivity observed. Finally, the practical application of donor 22 for the synthesis of biologically-relevant glycoconjugates was next demonstrated using disaccharide 26b obtained via β-selective glycosylation of donor 22 with acceptor 8 (Fig. 6 ). The 4-O acetyl group of 26b was selectively removed under mildly basic conditions to give 30, and the released hydroxyl group was glycosylated with galactose donor 31 in a β-selective manner to give trisaccharide 32 in moderate yield (67%). The 5N-azide group was readily reduced orthogonally by nickel boride and the resulting amine was acetylated to give 33, which comprises the same skeleton as the repeating unit of LPS O-antigen from Pseudomonas chlororaphis UCM B-106. [9] Fig. 6 Synthetic application of Pse β-glycoside containing disaccharide.
Discussion
In summary, highly β-selective pseudaminylation has been realized through modification of an existing Pse donor. Three factors (SAd leaving group, 5N-azide, and MeCN participation) were combined together to maximize the β-preference. In addition, α-selective glycosylation with broad acceptor scope was realized through addition of DMF additive. Importantly, using the methodology developed herein, both α-and β-selectivity can be achieved using the same Pse donor, which saves considerable synthetic effort that would otherwise be necessary to access multiple donors, and will therefore greatly simplify the construction of Pse containing oligosaccharide libraries or other Pse-derived biomolecules and conjugates. Furthermore, the 5N-Troc (or azide)/7N-Cbz Pse donor carries orthogonal protecting group at 5N and 7N positions, which makes it possible to introduce different acyl groups, respectively. Examples of such bimodal selectivity, representing the 'ideal' situation, are both sparse and highly sought-after in carbohydrate chemistry, with most donors requiring implementation of directing groups or extensive optimization of protecting groups to achieve a single stereochemical outcome (i.e. different donors for different linkages). This bimodal selectivity is particularly advantageous for the study of pseudaminic acid, not only because it naturally occurs with both α and β linkage types, but also because at present it can only be derived through lengthy chemical synthesis, providing very little material to devote to standard donor optimization. Furthermore, this universal Pse donor can be readily prepared in gram-scale, which will facilitate the advance in constructing diverse pseudaminosides. We believe our methodology will greatly improve the current stateof-the-art in Pse glycoconjugate chemistry.
Method
General procedure for pseudaminylation a-selective glycosylation:
Method A: To a flame-dried Schlenk tube, flame-dried AW-300 molecular sieves (100 mg/mL solvent) was added under argon, followed by Pse donor (1.0 equiv), acceptor (2.0 equiv), anhydrous DMF (5.0 equiv) and anhydrous DCM (freshly distilled over CaH2, 2.0 mL/0.10 mmol donor, 50 mM). After being stirred at r.t. for 1 h, the mixture was cooled to -78 ℃, and N-Iodosuccinimide (2.4 equiv) was added.
Finally, triflic acid (0.1 equiv) was added dropwise, and the mixture was stirred at -40 ℃ for 8 h. Upon full conversion, as indicated by TLC, the reaction was quenched by addition of Et3N. The mixture was diluted with ethyl acetate and filtered through celite. The organic phase was subsequently washed with sat. NaHCO3
(aq), dried over anhydrous Na2SO4 and concentrated under vacuum. The ratio of anomers was determined by 1 H NMR of the crude mixture. The crude mixture was purified by silica gel column chromatography to afford the product. The α and β anomers (if formed) were separated and characterized respectively by NMR and HR-MS.
Method B: (pre-activation procedure): To a flame-dried Schlenk tube, flame-dried AW-300 molecular sieves (100 mg/mL solvent) was added under argon, followed by Pse donor (1.0 equiv), anhydrous DMF (5.0 equiv) and anhydrous DCM (freshly distilled over CaH2, 1.0 mL/0.10 mmol donor, 100 mM). After being stirred at r.t. for 1 h, the mixture was cooled to -78 ℃, and AgOTf (3.0 equiv) was added. Then TolSCl (2.0 equiv) was added dropwise, and the mixture was stirred at -78 ℃ for 5 min. Finally, a solution of acceptor in DCM (0.5 mL/0.10 mmol, 2.0 equiv) was added dropwise and the reaction was stirred at -40 ℃ for 8 h. Upon full conversion, as indicated by TLC, the reaction was quenched by addition of Et3N.
The mixture was diluted with ethyl acetate and filtered through celite. The organic phase was subsequently washed with sat. NaHCO3 (aq), dried over anhydrous Na2SO4 and concentrated under vacuum. The ratio of anomers was determined by 1 H NMR of the crude mixture. The crude mixture was purified by silica gel column chromatography to afford the product. The α and β anomers (if formed) were separated and characterized respectively by NMR and HR-MS.
b-selective glycosylation:
Method C: To a flame-dried Schlenk tube, flame-dried AW-300 molecular sieves (100 mg/mL solvent) was added under argon, followed by 5-azido-Pse donor (1.0 equiv), acceptor (2.0 equiv), and freshly distilled anhydrous DCM/MeCN (2.0 mL/0.10 mmol donor, 50 mM, 2/1, v/v). After being stirred at r.t. for 1 h, the mixture was cooled to -78 ℃, and N-Iodosuccinimide (2.4 equiv) was added. Finally, triflic acid (0.1 equiv) was added dropwise, and the mixture was stirred at -78 ℃ for 5 h. Upon full conversion, as indicated by TLC, the reaction was quenched by addition of Et3N. The mixture was diluted with ethyl acetate and filtered through celite. The organic phase was subsequently washed with sat. NaHCO3 (aq), dried over anhydrous Na2SO4 and concentrated under vacuum. The ratio of anomers was determined by 1 H NMR of the crude mixture. The crude mixture was purified by silica gel column chromatography to afford the product. The α and β anomers (if formed) were separated and characterized respectively by NMR and HR-MS.
